Background: Chronic exposure to stress or alcohol can drive neuroadaptations that alter cognition. Alterations in cognition may contribute to alcohol use disorders by reducing cognitive control over drinking and maintenance of abstinence. Here we examined effects of combined ethanol (EtOH) and stress exposure on prefrontal cortex (PFC)-dependent cognition.
A LCOHOL USE DISORDERS (AUDs) are characterized by a transition from initial consumption to excessive drinking and dependence. Although multiple factors contribute to the development of AUDs, stress and anxiety appear to be key components. Chronic stress has been shown to increase drinking and alcohol seeking in humans and in animal models of AUDs Sinha and O'Malley, 1999) . Chronic alcohol drinking, in addition, results in elevated anxiety and dysregulated responses to stressors. Together, these feed forward interactions enhance motivation for alcohol and are common causes of relapse (Breese et al., 2011; Koob, 2009) .
One way that stress and alcohol contribute to AUDs is by weakening cognitive control functions that normally aid in restraint from alcohol seeking. Both chronic stress and chronic alcohol induce significant disruptions in cognitive functions such as learning and memory, attention, and executive functions such as planning, response inhibition, and behavioral flexibility (Abernathy et al., 2010; Arnsten, 2009; Bernardin et al., 2014) . When combined, chronic alcohol use and stress potentially heighten cognitive disruptions that may underlie poor decision making and behavioral control in AUDs (Seo et al., 2014) . In particular, stress-and alcoholinduced disruptions in cognitive function impair control over drinking behavior and the ability to adopt alternate mechanisms for coping with stress/anxiety. In the absence of cognitive control mechanisms needed to respond to stressors, individuals with AUDs may instead turn to drinking, thus promoting further problematic use.
Behavioral flexibility is a core executive function of the medial prefrontal cortex (mPFC), measured through setshifting tasks, that is susceptible to impairment from both chronic stress and alcohol exposure (Badanich et al., 2016; Butts et al., 2013; Kroener et al., 2012; Liston et al., 2006) . Behavioral flexibility is also highly influenced by ascending modulatory inputs to PFC, including the noradrenergic locus coeruleus (LC) (McGaughy et al., 2008) . Behavioral flexibility and adaptive behavior are essential for controlling excessive alcohol intake. Alcohol recovery programs and other behaviors necessary for avoiding alcohol use require learning new, contextually appropriate information as part of adaptive behavioral strategies.
Although the effects of alcohol and stress on behavioral flexibility and other cognitive functions have been measured independently, the cognitive consequences of interactions between the two have not been comprehensively demonstrated. To address this issue, we took advantage of a recently developed mouse model of chronic alcohol (ethanol [EtOH] ) exposure combined with chronic stress that exacerbates EtOH drinking in dependence (Anderson et al., 2016a; Lopez et al., 2016) . In order to determine the impact of a combined chronic EtOH/stress history on cognitive function, we measured contextual learning and behavioral flexibility in mice following exposure to chronic intermittent EtOH (CIE) and/or forced swim stress (FSS). Because both contextual learning and behavioral flexibility are regulated in part by noradrenergic regulation of mPFC, we measured c-Fos activation of mPFC and LC neurons as a rough measure of changes in neuronal activation following CIE and/or FSS (Dragunow and Faull, 1989) . Our results indicate a profound effect of CIE/FSS on prefrontal-based cognitive function and a disruption in neuronal signaling within both the mPFC and LC.
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (8 weeks old) purchased from Jackson Labs (Bar Harbor, ME) were group-housed (5 per cage) on a reverse 12-hour light/dark cycle (lights ON at 11:00 PM) with ad libitum access to chow and water, unless otherwise noted. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Massachusetts at Amherst in accordance with the guidelines described in the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research Council, 2011 ). An overview of the procedural timeline is illustrated in Fig. 1 . Briefly, mice were pseudorandomly assigned to 4 groups with no difference between EtOH consumption during the final week of baseline volitional drinking across groups. Two groups received CIE vapor exposure while the others were air exposure controls. One of the CIE-and one of the air-exposed groups also received FSS prior to daily volitional drinking tests. These treatments generated 4 exposure groups: air-control vapor exposure (Air)/no stress (NS) controls, Air/FSS, CIE/NS, and CIE/ FSS. After 2 cycles of CIE and FSS, we assessed prefrontal-dependent cognition in the object/context mismatch and attentional setshifting task (ASST) described below. At the end of the of study, animals received an additional cycle of CIE and FSS before brains were collected 90 minutes after exposure to a marble burying test.
Ethanol Drinking
Mice were placed in individual drinking cages at least 30 minutes prior to 1-hour, 1-bottle EtOH access (15%, v/v) beginning 3 hours after onset of the dark cycle (Anderson et al., 2016a) . Baseline drinking continued until stable levels were established (3 weeks) prior to beginning EtOH vapor. Bottles were weighed before and after drinking sessions. Drip estimates from an EtOH bottle in an empty cage were subtracted from the total volume consumed by each animal. Mice were weighed weekly and EtOH consumption was converted to g/kg. Mice underwent 5 days of stress exposure followed by volitional drinking beginning 72 hours after each cycle of CIE. Data were analyzed using average consumption of each drinking week.
Chronic Intermittent Ethanol Protocol
After initial acclimation and baseline drinking, mice (n = 38) underwent biweekly intermittent EtOH (n = 18) or air-control (n = 20) vapor exposure as previously described (Griffin et al., 2009) . Each cycle of vapor exposure, mice (5 per cage) were placed in plexiglass inhalation chambers (Plas-Labs, Lansing, MI) for 16 hours a day for 4 consecutive days. Immediately prior to chamber exposure, EtOH-treated mice received a loading dose of EtOH (1.6 g/kg, intraperitoneal) and the alcohol dehydrogenase inhibitor pyrazole (1 mmol/kg) at a final volume of 20 ml/kg. Air-treated Fig. 1 . Schematic of experimental timeline. CIE/FSS exposure and testing schedule. Mice underwent 3 weeks of baseline ethanol (EtOH) drinking before starting weekly cycles of vapor treatment and EtOH test drinking after stress exposure. For all drinking sessions (black circles), mice were given limited access (1 hour) to a bottle containing 15% EtOH (v/v). After baseline drinking, mice received daily 16-hour exposure to EtOH or air vapor for 4 consecutive days (orange rectangle) followed by 72 hours of abstinence (white square with black dashes). After each week of vapor exposure, mice either received daily exposure to a forced swim stressor or were left in their home cage (FSS; red triangle) 4 hours prior to each limited-access drinking session. Cognitive testing was performed after 2 cycles of CIE and FSS treatment. For the object/context mismatch task, mice underwent 2 days of habituation (open circles) before testing 72 hours after drinking (red circles). Mice then started 3 days of ASST training (square with black asterisk) followed by 2 days of testing (square with red asterisk). Animals were given another cycle of vapor treatment and stress exposure/limited-access drinking session. After 72 hours of abstinence from the last drinking session, mice underwent a 20-minute marble burying task to measure anxiety. Animals were perfused and brains were collected 90 minutes after completion of marble burying task.
mice were injected with pyrazole (1 mmol/kg) in saline to control for injection stress. Chamber EtOH levels were monitored daily and maintained at levels that produced blood EtOH concentrations (BECs) within the intoxicating range 180 to 250 mg/dl. An alcohol oxidase colorimetric assay was used to measure BEC in tail blood samples collected from EtOH-treated mice (Griffin et al., 2009; Pava et al., 2012) .
Forced Swim Stress Exposure
Between cycles of CIE exposure, half of the EtOH-treated and air-control mice (n = 10 per group) received daily FSS exposure (Fig. 1) , 4 hours before EtOH drinking sessions (Anderson et al., 2016a; Lopez et al., 2016) . Mice were gently placed in 4-l glass beakers (16 9 25.5 cm) containing 2.5 l of fresh tap water (23 to 25°C) for 10 minutes. Upon removal, mice were dried and placed under heat lamps for 10 minutes before returning to their home cage. Water was changed between mice and dividers were used to visually isolate mice from each other during FSS.
Contextual Learning-Object/Context Mismatch All mice (n = 38; 8 to 10 per treatment group) were tested in a prefrontal-dependent object in context task designed to assess contextual learning (Barker et al., 2007; Place et al., 2016; Spanswick and Dyck, 2012) . Twenty-four hours after the last FSS/ drinking session (see Fig. 1 ), mice were habituated to 2 different environments in separate rooms (context A and context B, 10 minutes per context), one immediately after the other, for 2 consecutive days. Context A was a transparent rectangular container (42 9 28 9 29 cm) illuminated at 4 lux, whereas context B was an opaque green container (36 9 28 9 23 cm) at 25 lux. On test day, mice were given 5 minutes to explore pairs of identical objects in each context (e.g., 2 polyvinyl chloride (PVC) pipes in context A, immediately followed by 2 Lego toys in context B), and objects were randomized between contexts and thoroughly cleaned between subjects. After exploring the objects in each context, mice returned to their holding cages for 5 minutes prior to a 3-minute object/context mismatch test. For the test, mice were placed in 1 context (A or B) containing a pair of objects. One object was previously seen in the same context, while the other object was seen in the alternate context (e.g., PVC pipe and Lego in context A). Studies using this test show that healthy controls will spend more time interacting with the object from the mismatched context (Spanswick and Dyck, 2012) . Object test pairings were screened for preference in a separate cohort of na€ ıve animals (n = 10), and all training and test conditions were counterbalanced for context, order, object pairings, and preference. All trials were digitally recorded and manually scored by an experimenter blinded to the treatment groups. Mice were considered to be interacting with the object if they were facing the object from less than 3 cm away. Climbing the object was not considered as an interaction.
Attentional Set-Shifting Task
Following object/context testing, mice were tested for behavioral flexibility using a 2-dimensional (texture and odor) ASST similar to previous studies (Birrell and Brown, 2000; Young et al., 2010) , 6 to 10 days after their last drinking session (n = 20; 5 per treatment group). The ASST apparatus consisted of a custom-made acrylic box (49 9 20 9 21 cm) with a removable divider separating the waiting arena from 2 equal-sized choice compartments in the rear of the box. Animals were trained to dig for chocolate sucrose pellets (5 mg; TestDiet, Richmond, IN) in porcelain pots filled with scented digging media (5.5 9 5.5 9 3 cm) atop textured platform (10 9 7.5 9 2.5 cm) in the choice compartments. Crushed chocolate sucrose pellets were mixed into all scented digging media to mask the reward odor. Media were refilled on each trial, and pots were replaced after each stage and thoroughly cleaned after use. Each pot was designated to a specific odor to avoid cross-contamination of odor stimuli. Separate platforms of each texture were used for each mouse to avoid introducing scents from unfamiliar mice. Twenty-four hours prior to and during ASST, mice were restricted to 2-hour daily access to wet food.
Animals were habituated to digging pots and reward pellets in their home cage before ASST training and testing. During training, animals explored the waiting arena and the empty choice compartments for 10 minutes. After returning mice to the waiting arena, an untextured platform and baited digging pot were placed in each choice compartment. All mice learned to dig in the baited bowls. Once mice were able to reliably retrieve the reward pellets in this condition, they were exposed to compound stimulus pairs until all animals had been exposed to each texture and odor and showed digging behavior in each stimulus pair. All stimuli were tested for preference with a separate na€ ıve cohort (n = 10) so that pairings were similar in salience. Texture pairs included fine sandpaper/burlap, coarse sandpaper/tinfoil, and silk/velvet. Odor pairs included sage/ cloves, cinnamon/thyme, and basil/cumin (Table 1A) .
Each testing stage began with 4 discovery trials in which the animal could explore and dig in both choice compartments until they found the reward (McAlonan and Brown, 2003) . Discovery trials were excluded from analysis. On test trials, the divider was closed and the response recorded when the animal approached the first digging pot. The divider prevented animals from entering more than 1 compartment per trial. We performed a six-stage ASST consisting of simple discrimination (SD), compound discrimination (CD), compound discrimination reversal (CDR), intradimensional discrimination (ID), intradimensional discrimination reversal (IDR), and then extradimensional discrimination (ED) ( Table 1B modified from McAlonan and Brown, 2003) . Testing took place over 2 days to prevent reward satiation with SD-CDR on Day 1 and ID-ED on Day 2.
If any animal could not meet criterion during the SD or CD stage, they were removed from the task due to an inability to form an attentional set (n = 1 CIE/FSS group). Choices were recorded as correct, incorrect, or omissions (no choice after 60 seconds). Criterion was 6/8 correct choices, while failure to complete a stage was 20 omissions or 60 max trials. The rewarded choice compartment and exemplar pairing were randomized so that it was counterbalanced by side. Relevant stimulus dimension was balanced between animals and within groups (e.g., odor to texture). Performance was measured by number of trials completed at each stage and number of errors made. In all groups, more trials were needed to complete ED than ID, validating the formation of an attentional set.
Marble Burying
After cognitive testing was complete, we investigated the effects of CIE and FSS on the development of anxiety-like behavior using a marble burying task (Pleil et al., 2015; Rose et al., 2016) . Mice underwent an additional cycle of CIE/FSS and were tested for marble burying 3 to 5 days after their last drinking session (Fig. 1) . Mice (n = 38; 8 to 10 per group) were habituated for 2 hours to a polycarbonate cage with~4 cm of Sani-Chip bedding (P.J. Murphy, Montville, NJ). Mice were briefly placed in a holding cage while 20 evenly spaced black marbles (9/16″; Moon Marble Company, Bonner Springs, KS) were placed on top of the bedding. Mice were returned to the cage with marbles for the 30-minute test session, after which the number of marbles buried more than 75% were counted. Data from mice that failed to explore the arena during habituation or froze during the test session were not used (n = 2 Air/FSS; n = 1 CIE/NS; n = 2 CIE/FSS). A clean cage was used for each mouse and the marbles were thoroughly cleaned between subjects.
c-Fos Immunohistochemistry
Mice were perfused with 4% paraformaldehyde (PFA) 90 minutes after marble burying. Brains were postfixed in 4% PFA overnight and cryoprotected in 20% sucrose azide prior to sectioning at 30 lm (CM3050S; Leica, Nussloch, Germany). Tissue slices containing mPFC (prelimbic [PL] ; and infralimbic [IL] ) and LC were processed with 3 to 3,3 0 -diaminobenzidine and nickel ammonium sulfate substrate (DAB-Ni) for c-Fos reactivity. Tissue was rinsed, quenched in 1% hydrogen peroxide for 10 minutes, and blocked for 1 hour in 3% normal donkey serum before overnight incubation at 4°C with an anti-c-Fos rabbit polyclonal antibody (1:15,000, lot no. 2672548; Millipore Corp., Bedford, MA). After rinsing, tissue was incubated at room temp for 2.5 hours with a biotinylated donkey anti-rabbit secondary (1:500, lot no. 122849; Jackson IR., West Grove, PA). Tissue was rinsed and incubated in avidin-biotin complex (1:500, ABC Vectastain, Burlingame, CA) before chromogenic reaction with DAB-Ni (0.2 mg/ml DAB and 6 mg/ml nickel ammonium sulfate; Fisher Scientific, Pittsburgh, PA). Sections were mounted onto Superfrost plus slides (Fisher Scientific) and dried overnight. After dehydration and defatting in EtOH and xylene, slides were coverslipped with DPX mounting medium (Electron Microscopy Sciences, Hatfield, PA). Histological images for c-Fos quantification were acquired at 109 magnification on an AxioImager M2 microscope (Zeiss, Munich, Germany) using StereoInvestigator 11.0 software (MBF Bioscience, Williston, VT).
Data Analyses
Number of c-Fos-positive cells was quantified on FIJI software (Schindelin et al., 2012) by an experimenter blinded to treatment. Stereotaxic coordinates for counting c-Fos expression in the target regions included an average count from the following ranges based on Paxinos and Franklin (2008) : PL (A/P +2.1 to +1.8; n = 3 to 4 sections per animal), IL (A/P +2.0 to +1.55; n = 2 to 3 sections per animal), and LC (A/P À5.34 to À5.68; n = 7 to 8 sections per animal).
For all analyses, p < 0.05 was used as the acceptable a level. Specific statistical comparisons are listed within the results. Where appropriate, Grubbs test was used to remove significant outliers.
Drinking results were analyzed using SPSS V.24.0 (IBM Corp, Armonk, NY), and all other parametric or nonparametric statistical analyses were performed on GraphPad Prism version 6.00 (GraphPad Software, La Jolla, CA). All graphs were composed using GraphPad Prism, and figures were compiled in Adobe Illustrator CC 2015 (San Jose, CA).
RESULTS
Drinking
All mice showed similar EtOH consumption during baseline drinking consistent with drinking behavior seen in C57BL/6J mice with this paradigm (Becker and Lopez, 2004; Rhodes et al., 2005) . Mice were assigned to 1 of the 4 treatment groups (Air/NS, Air/FSS, CIE/NS, or CIE/FSS) counterbalanced by EtOH consumption during the final week of baseline drinking. A post hoc comparison of EtOH consumption between treatments confirmed there were no group differences in baseline drinking, F(3, 203.56) = 0.45, p = 0.72; Fig. 2 . During CIE, average BEC intoxication (mg/dl) after vapor chambers did not significantly differ between CIE/NS and CIE/FSS in either cycle, F(1, 31) = 1.6, p = 0.21, 2-way analysis of variance (ANOVA); Table 2 .
Analysis of the influence of CIE/FSS on EtOH consumption revealed a main effect of treatment, Fig. 2 : F(3, 117.32) = 8.8, p < 0.001, and cycle week, F(4, 258.14) = 64, p < 0.001, repeated-measures ANOVA. Relative to their own baseline levels, both CIE groups increased volitional consumption after the first CIE cycle (CIE/NS, p < 0.05; CIE/FSS, p < 0.001; Bonferroni). However, CIE/FSS mice also drank significantly more EtOH than all other treatment groups (Air/FSS, p < 0.01; Air/NS, p < 0.001; CIE/NS, p < 0.05). Following the second cycle, CIE/FSS mice ASST stage, relevant dimension, and exemplar stimuli are given for each discrimination, rewarded choices highlighted in bold.Odors and textures were matched for salience using a separate cohort of naïve animals ( n = 10).
continued to consume significantly more than baseline (p < 0.001). After 2 cycles, EtOH consumption in CIE/FSS mice was greater than Air/NS (p < 0.001) and CIE/NS (p < 0.001), but not Air/FSS (p = 0.22), highlighting that a combination of both CIE and FSS led to a significant and rapid escalation of volitional drinking. These results are in accordance with previous studies showing that FSS exacerbates drinking in CIE-treated animals (Anderson et al., 2016a,b; Lopez et al., 2016) .
Cognitive Function: Contextual Learning Task
To investigate changes in cognitive function associated with rapid escalation of EtOH drinking, we assessed contextual learning and behavioral flexibility after 2 cycles of CIE and FSS treatment. For contextual learning, we used an mPFC-dependent object/context mismatch task that measures the formation of object memories within specific contextual environments ("where" memory; Spanswick and Dyck, 2012) . All groups spent equal time exploring both object/context pairings during the learning phase of the task, F(3, 33) = 0.56, p = 0.65, 1-way ANOVA. The order in which the object/contexts were presented did not produce any confounds impact on the test ("when" memory), F(1, 29) = 0.0005, p = 0.98, 1-way ANOVA. During the testing phase, Air/NS animals spent more time exploring the object in the mismatched context than the congruent object, as expected (Fig. 3A) . Exposure to CIE, FSS, or both impaired performance on this task [main effect of treatment, F(3, 60) = 2.9, p < 0.05, 2-way ANOVA]. Post hoc analysis revealed that the CIE/FSS group alone spent significantly more time investigating the congruent object/context (p = 0.01 vs. Air/NS; Dunnett's MCT), suggesting that CIE/ FSS exposure impaired these animals' ability to integrate or recall object/context information.
Cognitive Function: Attentional Set-Shifting Task
We measured behavioral flexibility using a 6-stage ASST. Training began 4 to 5 days after and testing was performed 6 to 9 days after the end of the second CIE/FSS cycle (Fig. 1) . There was an overall effect of stage on the number of trials completed, F(5, 70) = 3.1, p < 0.05, 2-way ANOVA. Post hoc comparisons confirmed that CIE/FSS-treated mice required more trials during the ED stage than all other groups (p < 0.05; Dunnett's MCT; Fig. 3B ). There were no significant differences across groups for other discriminations (SD, CD, CDR, ID, IDR). Within the ED stage, we compared the number of errors and found a significant difference across groups, F(3, 15) = 3.4, p < 0.05, 1-way ANOVA; Fig. 3C . Specifically, there was an increase in errors made by CIE/FSS relative to all other groups (p < 0.05; HolmSidak's MCT). There was no difference in omission rates across groups, F(3, 14) = 2.0, p = 0.17, 2-way ANOVA, but 1 subject in the Air/FSS reached the upper limit of 20 omissions during the ED stage. In the CIE/FSS group, 1 subject failed to reverse after a successful ID, and 2 subjects reached the max number of trials in ED without meeting criterion. Overall, at later stages in the task, the effect of increasing cognitive load became apparent selectively in the CIE/FSS group. These results show that a short duration of exposure to CIE and FSS disrupts behavioral flexibility and attentional control.
Marble Burying
Increases in marble burying behavior have been demonstrated during EtOH withdrawal after 4 or more cycles of CIE (Pleil et al., 2015; Rose et al., 2016) , indicating EtOHinduced increases in anxiety and stress reactivity. Once cognitive testing was complete, mice received an additional CIE/ FSS cycle before a marble burying test 3 to 5 days after last EtOH access (Fig. 1) . Although the CIE/FSS group appeared to bury more marbles on average, there were no significant differences in marble burying across groups [KW (4, 29) = 5.5, p = 0.14; Kruskal-Wallis Fig. 3D ]. These results indicate that the development of anxiety-like behavior may show a different time course after CIE/FSS exposure than disruptions in cognitive dysfunction.
c-Fos
Although we did not detect overt changes in anxiety-like behavior with marble burying, we used the novel context of # Indicates a significant difference from baseline (p < 0.05); * indicates significant difference between treatment groups (p < 0.05); ** indicates significant difference between treatment groups (p < 0.01).
the task to elicit c-Fos expression related to EtOH and stress history. We assessed c-Fos activity in the mPFC and LC. mPFC is critical for cognitive functions (Dalley et al., 2004; Euston et al., 2012) , and LC is a stress-sensitive neuromodulatory input to mPFC that is known to regulate behavioral flexibility (McGaughy et al., 2008) . We observed high levels of c-Fos labeling in tissue collected from all mice after marble burying and quantified expression in the PL and IL regions of mPFC and LC (Fig. 4) . In the mPFC, EtOH and stress exposure altered c-Fos activity between groups in PL, F(3, 25) = 8.5, p < 0.001, 1-way ANOVA; Fig. 4A , and IL cortex, F(3, 29) = 4.4, p < 0.05, 1-way ANOVA; Fig. 4B . Expression in PL cortex was reduced in both CIE/NS (p < 0.05; Dunnett's MCT) and CIE/FSS (p < 0.05) groups relative to Air/NS controls (1228 AE 45 cells/mm 2 ). Within IL cortex, a significant decrease in c-Fos was only observed in CIE/FSS mice (p < 0.01 vs. Air/NS; Dunnett's MCT) relative to Air/NS (1,056 AE 30 cells/mm 2 ). Together, these findings show that a limited history of CIE exposure impacts PL function, with interactions between CIE and FSS additionally disrupting function in IL. LC also showed a main treatment effect, F(3, 31) = 3.9, p < 0.05, 1-way ANOVA; Fig. 4C , whereby stress-treated groups showed~30% reduced c-Fos activation (Air/FSS, p < 0.05; CIE/FSS, p < 0.05; Dunnett's MCT) relative to Air/NS controls (729 AE 56 cells/mm 2 ). CIE alone appeared to decrease c-Fos in the LC, but this was not statistically significant. As such, limited cycles of CIE or FSS alone altered c-Fos activity in mPFC or LC, respectively. The combination of CIE and FSS led to reductions in c-Fos activity across mPFC and in LC, disrupting cognitive networks at multiple targets.
DISCUSSION
The present study demonstrated that stress and alcohol exposure lead to the rapid development of cognitive dysfunction in dependent subjects. We used a rodent model of repeated FSS and EtOH exposure shown to exacerbate volitional drinking in dependent animals. Two cycles of EtOH and stress produced impairments in mPFC-dependent contextual learning and behavioral flexibility. Using c-Fos immunohistochemistry, we saw reductions in PL activity in CIE-exposed animals, combined with additional reductions in IL of CIE/FSS animals. Stress and EtOH-exposed groups, and to a lesser degree EtOH alone, showed disruptions of neural signaling in the LC, an important ascending neuromodulatory input to mPFC that is known to regulate behavioral flexibility (McGaughy et al., 2008; Zitnik et al., 2016) . The disruption in function across neural circuits after CIE/ FSS may contribute to the rapid development of cognitive We saw a rapid acceleration of volitional drinking in CIE/FSS-exposed subjects consistent with previous findings characterizing drinking behavior in this model that show escalation of drinking in CIE/FSS subjects above that of CIE alone (Anderson et al., 2016a,b; Lopez et al., 2016) . Our findings provide further evidence for a role of stress in the development of excessive drinking Koob, 2009) . In addition to the acceleration in drinking behavior, our results provide novel evidence for comorbid cognitive dysfunction in this model. We investigated 2 domains of cognition: contextual learning and behavioral flexibility.
Contextual learning was sensitive to CIE and FSS exposure. Despite comparable exploration during the learning phase, CIE/FSS mice spent significantly more time with the congruent object in the test phase than Air/NS mice, indicating they failed to integrate or recall the original object/context pairings. Mice that received only the EtOH or stress treatment (CIE/NS and Air/FSS, respectively) did not perform significantly differently than Air/NS controls but showed reduced discrimination of object/context pairings. These findings highlight the sensitivity of contextual learning paradigms and show that EtOH and stress may exacerbate disruptions in processing contextual information.
Previous studies have shown that object/context learning relies on coordinated information exchange between mPFC and hippocampus (Place et al., 2016) . We saw no impact of treatment on hippocampal-dependent components of the task such as order ("when" memory) of object/context presentation (Barker et al., 2007; Ennaceur et al., 2005) , arguing that the deficits we saw in contextual learning may be primarily driven by disruption of mPFC function.
Further evidence for mPFC dysfunction after CIE/FSS came from investigating behavioral flexibility using the ASST. Set-shifting ability is a well-recognized PFC-dependent behavior that can be assessed in both preclinical models and humans (Brown and Tait, 2016) . Set-shifting ability is impaired in heavy drinkers without an AUD, as well as people with AUDs who have had multiple relapses (Houston et al., 2014; Trick et al., 2014) . Our data demonstrate that limited exposure to CIE and FSS in mice can generate impairments in behavioral flexibility. The deficits were specific to extradimensional shifting and not in less cognitively demanding discriminations needed to form, shift, or reverse an attentional set within a given dimension (SD/CD, ID, and CDR/IDR, respectively). The impairments (increased trials and errors) were specific to the combined CIE/FSS exposure with no significant changes in animals that were exposed to either CIE or FSS alone.
Exposure to stress (Bondi et al., 2008; Liston et al., 2006) or alcohol (Gass et al., 2014; Kroener et al., 2012) can elicit deficits behavioral flexibility, although evidence is mixed (Badanich et al., 2011) . We did not see this phenotype develop in either CIE or FSS alone subjects the current study. Our paradigm used limited EtOH exposure (2 cycles) before cognitive testing, which may be why no overt deficits were found in the CIE-alone group. Similarly, stress type, duration, and intensity can have profound impact on cognitive and drinking outcomes (Hurtubise and Howland, 2016; Lopez et al., 2016) . Although the CIE and FSS paradigms alone did not trigger cognitive impairments, the interactions between EtOH and stress that triggered excessive drinking also accelerated the development of cognitive dysfunction.
Previous studies have also seen changes in anxiety-like behavior including marble burying during acute withdrawal after CIE (Pleil et al., 2015; Rose et al., 2016) . Although stress and EtOH accelerated the development of cognitive dysfunction, we did not see a significant change in marble burying across any groups, despite a slight trend for greater anxiety-like behavior in the CIE/FSS mice. Differences between our findings and those of other groups are likely due to the limited cycles of CIE/FSS exposure in the current study and/or differences in amount of time between final vapor exposure and testing.
Identifying the neural circuits susceptible to EtOH and stress interactions may lead to novel therapeutic targets that regulate behavioral control over drinking behaviors and stress-related drinking. Given the specific cognitive dysfunction we saw in both contextual learning and behavioral flexibility, we chose to measure c-Fos activation in 2 candidate regions: mPFC and LC (Dragunow and Faull, 1989) . Intact mPFC functioning is critical for both contextual learning and behavioral flexibility (Birrell and Brown, 2000; Floresco et al., 2008; Liston et al., 2006) . mPFC function in the ASST is also dependent on ascending LC norepinephrine (NE) input, with impairments in LC-NE signaling selectively disrupting the ED component (Janitzky et al., 2015; McGaughy et al., 2008; Tait et al., 2007) .
We saw high levels of c-Fos activity in all subjects with key differences between treatment groups. Repeated cycles of CIE, FSS, or CIE/FSS disrupted c-Fos activity in multiple regions: CIE or FSS exposure decreased c-Fos activity in dorsal mPFC (PL) and LC, respectively, and CIE/FSS- Fig. 4 . Ethanol (EtOH) and stress interactions disrupt neuronal function across cognitive networks. CIE/FSS decreases c-Fos expression in prelimbic PFC (PL; A), infralimbic PFC (IL; B), and locus coeruleus (LC; C) relative to Air/NS. Within the mPFC (D), c-Fos expression in PL (E) was reduced in both CIE treatment groups. CIE/FSS-treated animals had more widespread mPFC disruption with additional reductions in IL c-Fos (F). In LC (G), FSS treatment significantly decreased expression in both air-and EtOH-treated mice (H). Additional abbreviations: 4V -fourth ventricle, 7N -facial nerve, acaanterior commissure, Cg1-cingulate cortex, fmi -forceps minor of the corpus callosum, DTgP -dorsal tegmental nucleus, scp -superior cerebellar peduncle. Values are shown as mean AE SEM. * Indicates significant effect of treatment (p < 0.05), ** indicates significant effect of treatment (p < 0.01). treated mice showed reduced c-Fos activity in both of these regions. In addition, CIE/FSS exposure disrupted c-Fos within the ventral mPFC (IL). Together, these results provide evidence of an additive disruption across cognitive circuits caused by EtOH and stress exposure, with further vulnerabilities triggered by the interactions between EtOH and stress. Future investigation is needed to understand how changes in c-Fos reflect neuronal function in cognitive circuits after EtOH and stress exposure and whether and how interactions across systems are disrupted following chronic stress and alcohol.
The current study investigated contextual learning, behavioral flexibility, and c-Fos activity after CIE and FSS exposure in male mice to characterize the cognitive phenotype of a newly developed model of EtOH and stress interactions. However, there is ample evidence of sexually dimorphic responses to EtOH and stress, including sex-selective changes in LC structure and function (Retson et al., 2015 (Retson et al., , 2016 Valentino et al., 2012) . Additional studies are needed to probe sex-specific changes in cognition and neural function associated with EtOH and stress interaction, as demonstrated in males here. Investigating neural systems altered in appropriate preclinical models that reproduce the multifaceted interactions of EtOH and stress comorbidities will increase the likelihood of identifying novel therapeutic targets to treat AUDs and restore cognitive control over drinking behavior.
